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Introduction {#sec001}
============

HIV-1 persists in a transcriptionally silent latent state in long-lived memory T cells. Although antiretroviral therapies (ART) suppress HIV-1 replication, interruption of treatment results in rapid viral rebound. Therefore, HIV-1 patients must remain on ART indefinitely, despite long-term side effects, development of treatment resistance, and viral-induced inflammation \[[@ppat.1007802.ref001]--[@ppat.1007802.ref003]\]. For this reason, one strategy currently being explored for cure efforts is "shock and kill," in which latent HIV-1 is reactivated in conjunction with ART using latency-reversing agents (LRAs). Following reactivation, infected cells are predicted to be eliminated by HIV-specific immunity or virally induced apoptosis. However, clinical trials using LRAs have only minimally perturbed the size of the viral reservoir \[[@ppat.1007802.ref004]--[@ppat.1007802.ref006]\].

A cure for latent HIV-1 will require a better understanding of the biochemical factors involved in regulating proviral transcription. Latency in chronically infected primary cells and cell lines is regulated by multiple transcriptional mechanisms including NF-κB activation, chromatin accessibility, provirus transcription initiation, Tat availability, P-TEFb sequestration, and transcriptional elongation \[[@ppat.1007802.ref007]--[@ppat.1007802.ref011]\]. However, what is not understood is how latency is initially established within a cell and if events at the time of HIV-1 infection influence the transcriptional status of the provirus. These questions are relevant since the latent reservoir is established within the first two weeks of infection \[[@ppat.1007802.ref012],[@ppat.1007802.ref013]\]. New cure strategies will need to limit the size of the reservoir at early time points.

One mechanism that could predispose HIV-1 towards active replication or transcriptional repression and latency is signaling through the T cell receptor (TCR). Engagement of the TCR and costimulatory CD28 molecule result in a multitude of cellular outcomes that influence HIV-1 replication including cytoskeleton reorganization, the activation of transcription factors, enhanced RNA polymerase II (RNAP II) processivity, and chromatin remodeling \[[@ppat.1007802.ref014]--[@ppat.1007802.ref016]\]. We hypothesized that the magnitude of T cell signaling during HIV-1 infection will dictate the course of the infection. In order to manipulate signal strength received by a T cell at the time of HIV-1 infection, we utilized chimeric antigen receptors (CARs) that recapitulate T cell receptor and CD28 signaling. By modulating the affinity with which these CARs bind to their ligand, we can differentially deliver signals to target cells.

Using these CARs, we demonstrate that stronger T cell signaling at the time of HIV-1 infection increases subsequent HIV-1 transcription and replication. Robust signals also facilitated the formation of latently infected cells that were readily inducible upon secondary stimulation. Minimal signaling through CARs, although sufficient for HIV-1 integration, failed to support viral replication and generated a deep-seated latent infection. Transcriptional elongation of HIV-1 provirus was limited by RNAPII pausing in the absence of CAR signaling; however, strong CAR signaling correlated with decreased negative elongation factor (NELF) binding and enhanced RNAPII processivity. Our results suggest a model in which signaling strength influences HIV-1 transcription and establishment of latency at the time of initial infection of CD4+ T cells.

Results {#sec002}
=======

CARs induce T cell signaling {#sec003}
----------------------------

To examine how signaling cascades downstream from the T cell receptor regulate HIV-1 transcription we utilized CARs ([Fig 1A](#ppat.1007802.g001){ref-type="fig"}). Intracellular signaling domains for the CARs include CD3ζ with its immunoreceptor tyrosine-based activation motifs (ITAMs) and the CD28 costimulatory domain with its four critical tyrosine residues \[[@ppat.1007802.ref017]\]. Furthermore, a mCherry tag provides a marker for positive selection of CAR+ cells. The extracellular ligand-binding domains of the CARs consist of a single chain variable fragment (scFv) that recognizes receptor tyrosine-protein kinase erbB-2 (Her2) \[[@ppat.1007802.ref018],[@ppat.1007802.ref019]\]. By using different scFvs, a library of CARs with binding affinities for Her2 ligand spanning three logs was generated ([Fig 1B](#ppat.1007802.g001){ref-type="fig"}). CARs were transduced into Jurkat T cells and primary CD4+ T cells. By enriching for mCherry, we obtained CAR+ populations that were \>90% pure ([Fig 1C](#ppat.1007802.g001){ref-type="fig"}).

![Chimeric antigen receptors used for tunable T cell signaling.\
*(A)* The design of CARs including CD3ζ and CD28 signaling domains. (*B*) CAR single chain variable fragments with their corresponding dissociation constants for the Her2 ligand. We refer to these CARs by their relative ligand affinity. (*C*) Enrichment of primary CD4+ T cells based on mCherry expression following CAR transduction.](ppat.1007802.g001){#ppat.1007802.g001}

We confirmed that signaling through CARs mimicked aspects of TCR signaling and supported differential changes in both downstream gene expression and T cell phenotypes. CD69, a transmembrane lectin and a marker for CD4+ T cell activation, was monitored by flow cytometry before and after receptor activation with Her2 ligand ([Fig 2A](#ppat.1007802.g002){ref-type="fig"}). Primary CD4+ T cells transduced with either the low affinity or the high affinity receptors were stimulated with plate-bound Her2 ligand for 24 h. In the absence of ligand, less than 7% of the cells were positive for CD69, verifying that there is no ectopic CAR signaling. Activating cells with Her2 induced CD69 expression in the low affinity and high affinity receptors relative to their affinity for ligand. In addition, we analyzed the ability of the receptors to generate T cell subsets one week post stimulation by determining the expression of CCR7, a lymph node homing receptor, and CD45RA, a marker that is downregulated on memory subsets following activation through endogenous TCR. Similar expansion of CCR7+ CD45RA- T cell populations was observed in cells stimulated through the TCR and both the high and low affinity CARs ([Fig 2B](#ppat.1007802.g002){ref-type="fig"}).

![Signaling through chimeric antigen receptors results in T cell maturation.\
CD4+ T cells isolated from healthy human donors were transduced with low affinity or high affinity CARs and then allowed to return to a resting state. (*A*) Cells in Panel *A* were stimulated through the receptor or left unstimulated. CD69 expression one day after Her2 stimulation was compared to a negative control of untransduced cells. (*B*) CAR-expressing primary cells were stimulated through the receptor for two days and compared to untransduced cells treated with or without antibodies to CD3 and CD28 at a ratio of 1:1. Analysis was performed 7 days post stimulation, and cells were cultured in IL-7 and IL-2 during the intervening period. The use of CCR7 and CD45RA can be used to classify cells into three distinct populations: CCR7+ CD45RA+ naïve-like cells, CCR7+ CD45RA- central memory cells, and CCR7- CD45RA- effector memory cells. Data in *A* and *B* are presented as dot plots based on flow cytometry analysis and is from a representative experiment that has been performed at least three times with different donors.](ppat.1007802.g002){#ppat.1007802.g002}

Finally, microarray analysis was performed to determine if CAR and TCR signaling resulted in similar global gene expression changes. A heatmap of genes whose expression was significantly altered compared to baseline upon activation through either the high and low affinity CARs or treatment with anti-CD3 and anti-CD28 is shown in [S1 Fig](#ppat.1007802.s002){ref-type="supplementary-material"}. A spectrum of changes in gene expression downstream from the T cell receptor was observed that included subsets of genes that were induced or repressed to similar extents by the TCR and CARs as well as more graded differential responses in which the high and low affinity CARs induced intermediate changes as compared to the T cell receptor. We did observe donor-to-donor variation, which was expected. This may reflect intrinsic donor variation as well as sexual dimorphism because of the inclusion of 1 male and 2 female donors. Together with the CD69 analysis and memory cell markers, these data demonstrate that signaling through the chimeric antigen receptors facilitate a range of cellular effects associated with T cell activation and that the CARs can be used as tools to modulate T cell signals.

T cell signaling at the time of HIV-1 infection regulates provirus expression {#sec004}
-----------------------------------------------------------------------------

To determine whether T cell signaling influences viral infection, Jurkat T cells expressing low affinity or high affinity CARs were plated on Her2-coated wells and simultaneously infected with VSV-G pseudotyped NL4-3.Luc, a single-cycle HIV-1 clone which contains a luciferase reporter in place of Nef. VSV-G allowed us to bypass potentially confounding effects from receptor/chemokine receptor signaling due to gp120 binding and focus specifically on CAR-associated signaling cascades. To assess whether signaling influenced the establishment of infection, we measured levels of HIV-1 proviral DNA using a previously described nested *Alu*-PCR approach \[[@ppat.1007802.ref020]\]. We modified the assay by designing primers to luciferase to estimate the relative frequency of HIV-1 integration without confounding signals from the lentiviral vectors used to express the CARs (see [Materials and Methods](#sec008){ref-type="sec"}). CAR-associated signaling did not affect the infection of Jurkat cells since we detected comparable levels of provirus regardless of the presence or absence of CAR ligand ([Fig 3A](#ppat.1007802.g003){ref-type="fig"}). When HIV-1 expression was measured by luciferase activity, Jurkat cells infected in the context of strong T cell signaling expressed greater than 10-fold more HIV-1 compared to untreated controls ([Fig 3B](#ppat.1007802.g003){ref-type="fig"}). In contrast, engagement of the low affinity receptor led to a modest 3-fold expression compared to unstimulated cells despite a similar proviral load as the high affinity CAR-expressing cells. These data indicate that strong T cell signaling at the time of infection facilitates HIV-1 expression without enhancing provirus integration.

![T cell signaling at the time of HIV-1 infection regulates provirus expression.\
(*A* and *B*) Jurkat T cells were transduced with the high or low affinity CAR. Cells were stimulated through CARs at the time of HIV-1 infection with VSV-G pseudotyped NL4-3.Luc. (*A*) Relative levels of integrated provirus 24 h post infection of high or low affinity Jurkat T cells using nested *Alu*-PCR. Uninfected CAR-expressing Jurkat T cells were a negative control. (*B*) Luciferase activity measured 24 h post-infection presented as fold difference in relative light units (RLUs) over unstimulated cells for each CAR+ cell line. Panels *A* and *B* were performed in triplicate and are representative of four independent experiments. Data are presented as mean ± standard deviation. (*C* and *D*) Primary CD4^+^ T cells isolated from healthy human donors were transduced with CARs and given one week to return to a resting state. Cells were stimulated through CARs at the time of HIV-1 infection with single-round VSV-G pseudotyped NL4-3.Luc. (*C*) Relative levels of integrated provirus 24 h after infection of high or low affinity CAR-expressing primary T cells (from the same donor) using nested *Alu*-PCR. Uninfected CAR-expressing primary T cells were a negative control. Results are from a single experiment performed in triplicate and are representative of two independent experiments. Data are presented as mean ± standard deviation. (*D*) Luciferase activity measured 4 days post-infection presented as fold difference in RLUs over unstimulated cells for each CAR+ cell line. Experiments from two separate donors are shown and are representative of three independent experiments. Statistical analysis performed using unpaired Student's *t* test. \*p\<0.01, \*\*p\<0.001, \*\*\*p\<0.0001.](ppat.1007802.g003){#ppat.1007802.g003}

We confirmed that these differences were due to downstream signaling emanating from the CARs by using the Src kinase inhibitor PP2. In the presence of PP2, the increase in HIV-1 expression upon cellular stimulation was attenuated, consistent with T cell signaling as a regulator of HIV-1 expression ([S2 Fig](#ppat.1007802.s003){ref-type="supplementary-material"}). The pharmacologically inactive version of this inhibitor, PP3, had no effect on the ability of CARs to influence HIV-1 expression.

We validated these results using primary CD4+ T cells that were transduced with either the low affinity or high affinity CAR. Following transduction, cells were allowed to return to a resting state as monitored by low CD69 expression before infection with HIV-1 in the absence or presence of the ligand Her2. Consistent with the data from Jurkat cells, similar levels of proviral DNA were detected in primary T cells regardless of CAR signaling ([Fig 3C](#ppat.1007802.g003){ref-type="fig"}). Depending on the donor, cells that received robust stimulation at the time of infection expressed 2.5- to 11-fold more HIV-1 compared to untreated controls. Stimulating through the low-affinity CARs led to more modest luciferase expression when compared to untreated cells ([Fig 3D](#ppat.1007802.g003){ref-type="fig"}).

To gain insight into whether there is a threshold or minimal T cell signal required for HIV-1 infection and replication, we transduced Jurkat T cells with CARs that spanned a range of binding affinities ([Fig 1B](#ppat.1007802.g001){ref-type="fig"}). These cells were infected with NL4-3.Luc as described above in the absence or presence of Her2. Although the high affinity condition supported HIV-1 infection and transcription, the intermediate and low affinity receptors did not support HIV-1 expression ([Fig 4A](#ppat.1007802.g004){ref-type="fig"}). This was despite similar levels of infection as determined by measuring proviral DNA ([Fig 4B](#ppat.1007802.g004){ref-type="fig"}) and a greater than 10-fold increase in binding affinity for the Her2 ligand above that of the low affinity CARs. These data suggest that T cell signaling controls HIV-1 expression by a digital on/off mechanism since viral expression does not linearly correlate with signal strength.

![Robust T cell signaling is required for HIV-1 transcription.\
(*A*) Jurkat T cells were transduced and positively selected for indicated CARs and then infected with VSV-G pseudotyped NL4-3.Luc. 24 h post infection, cells were lysed for luciferase analysis. Data are presented as fold difference in RLUs over unstimulated cells for each CAR+ population. (*B*) Relative levels of integrated provirus after infection of CAR-expressing Jurkat cells using nested *Alu*-PCR. Panels *A* and *B* were performed in triplicate and are representative of four independent experiments. Data are presented as mean ± standard deviation. Statistical analysis performed using unpaired Student's *t* test. \*p\<0.01, \*\*p\<0.001, \*\*\*p\<0.0001.](ppat.1007802.g004){#ppat.1007802.g004}

Robust signals during HIV-1 infection establish an inducible latent reservoir {#sec005}
-----------------------------------------------------------------------------

We hypothesized that differential T cell signaling during infection alters the size of the inducible latent reservoir. To examine this, we infected CAR-expressing primary CD4+ T cells with VSV-G pseudotyped BRU-dENV-GFP in the presence of Her2 ligand. One week post infection, cells were sorted for both mCherry expression as a marker for the CAR and lack of GFP expression in order to enrich for latently infected cells. CAR^pos^/GFP^neg^ cells were reactivated with PMA plus ionomycin or left unstimulated to control for spontaneous HIV-1 reactivation ([Fig 5A](#ppat.1007802.g005){ref-type="fig"}). PMA plus ionomycin significantly reactivated HIV-1 expression within cells that had been initially infected in the context of high-affinity CAR, resulting in a 3- to 9-fold increase in the percentage of GFP positive cells ([Fig 5B](#ppat.1007802.g005){ref-type="fig"}) and a 1000-fold induction of HIV-1 mRNA measured by qRT-PCR ([Fig 5C](#ppat.1007802.g005){ref-type="fig"}, [S3 Fig](#ppat.1007802.s004){ref-type="supplementary-material"}). However, the observed reactivation of HIV-1 was modest in cells infected at the time of stimulation through the low affinity CAR. Less than a 2-fold change was observed in the percentage of GFP+ cells, and only a 200-fold induction of HIV-1 mRNA was detected in reactivated latently infected cells expressing low affinity CARs. Thus, there was a \~5-fold increase in HIV-1 mRNA induction for cells expressing high affinity CAR upon reactivation compared to reactivation in cells expressing low affinity CAR ([Fig 5C](#ppat.1007802.g005){ref-type="fig"}, [S3 Fig](#ppat.1007802.s004){ref-type="supplementary-material"}).

![Robust signals during HIV-1 infection establish an inducible latent reservoir.\
(*A*) Outline of experimental plan to enrich for latently infected cells following infection. Primary CD4+ T cells are infected with VSV-G pseudotyped BRU-ΔEnv-GFP and GFP-negative cells are sorted to enrich for latently infected cells. (*B*) Percent GFP+ HIV-expressing cells after stimulation of latent cells with various latency-reversing agents: PMA plus ionomycin, antibodies to endogenous CD3 and CD28, SBHA, and Bryostatin. Data are from seven separate donors as indicated by the color code of samples, and each LRA stimulation was performed on cells from 2--3 donors. A minimum of 250 events was required for inclusion as a data point. We had a range of 250 to 6000 events per data point depending on both donor variability and cell viability due to stimulation condition. The mean value for all data points was 1364 events and the median was 678 events. (*C*) Latently-infected cells were restimulated with PMA and ionomycin. HIV-1 expression was monitored by measuring Tat RNA by qRT-PCR. Values are shown as fold difference in HIV-1 transcripts over corresponding non-reactivated controls. All data in panel *C* are derived from 4--6 replicates and are representative of four independent experiments (see also [S3 Fig](#ppat.1007802.s004){ref-type="supplementary-material"}). Data are presented as mean ± standard deviation. Statistical analysis performed using unpaired Student's *t* test. \*p\<0.01, \*\*p\<0.001, \*\*\*p\<0.0001.](ppat.1007802.g005){#ppat.1007802.g005}

A panel of latency reversing agents were tested for their abilities to reactivate the latently infected cells generated by the different CARs. Cells were reactivated with antibodies to CD3 and CD28, the HDAC inhibitor SBHA, and the PKC agonist Bryostatin ([Fig 5B](#ppat.1007802.g005){ref-type="fig"}). Secondary stimulation through the endogenous T cell receptor with anti-CD3+CD28 reactivated latent HIV-1 in cells that had been infected and stimulated through the high-affinity receptor, resulting in a 3- to 7-fold increase in the percentage of GFP positive cells. However, anti-CD3+CD28 treatment resulted in either no reactivation or a modest 1.8-fold reactivation in cells stimulated through the low affinity CAR at the time of HIV-1 infection. SBHA did not strongly induce HIV-1 expression but there was a trend of greater virus reactivation in cells that had received stronger TCR signaling at the time of HIV-1 infection. Treatment with Bryostatin did not lead to robust activation for either low affinity or high affinity CAR-expressing cells. In general, there appeared to be different reservoir sensitivities to latency reversal agents between cells that had received strong or weak signaling during infection, especially when comparing cells derived from the same donor. Our data suggest that despite comparable amounts of integrated HIV-1 proviruses, robust signaling at the time of infection was not only necessary for active proviral transcription but also supported the generation of a population of latently infected cells that could be readily induced to express HIV-1. The population of latent cells generated in response to weaker CAR signaling was more resistant to latency reversal suggesting that HIV-1 in these cells was strongly repressed.

RNAP II processivity limits HIV-1 transcription in the absence of robust signaling {#sec006}
----------------------------------------------------------------------------------

We were interested in mechanisms that governed HIV-1 repression following integration in the absence of sufficient T cell signaling; therefore, we examined the binding of transcriptional regulators on the HIV-1 LTR by chromatin immunoprecipitation (ChIP). Jurkat T cells expressing low or high affinity CARs were infected with NL4-3.Luc in the absence or presence of Her2 ligand. One day post-infection, cells were fixed and chromatin was prepared for ChIP.

Since HIV-1 proviral latency correlates with a positioned nucleosome that is downstream of the transcriptional start site, we explored whether the LTR was associated with post-translationally modified histones as an indicator of chromatin organization. ChIPs for acetylated histone H3 showed no significant difference in binding of the HIV-1 LTR between cells infected in the absence or presence of T cell signaling ([Fig 6A](#ppat.1007802.g006){ref-type="fig"}). Therefore, chromatin accessibility does not appear to be limiting HIV-1 proviral transcription following infection.

![RNAP II processivity limits HIV-1 transcription in the absence of robust signaling.\
CAR-expressing Jurkat T cells were infected with single-round VSV-G NL4-3.Luc and simultaneously plated with or without Her2 ligand. 24 h later, cells were fixed for chromatin immunoprecipitation. (*A*) ChIP for presence of acetylated H3 near the transcriptional start site (nuc1). (*B*) ChIP for RNAP II at the HIV-1 transcriptional start site. (*C*) ChIP for RNAP II associated with the HIV-1 *tat* gene to measure RNAP II processivity. Data from *A*-*C* are normalized to corresponding IgG controls for each stimulation condition. (*D*) ChIP for NELF-d at the HIV-1 transcriptional start site. Data is normalized to IgG controls and then to corresponding unstimulated condition for each CAR+ cell line. A-D were performed in triplicate and are representative of at least three independent experiments in Jurkat T cells. Data are presented as mean ± standard deviation. Primers used for HIV-1 transcriptional start site are +30 and +239. Primers used for *tat* gene are +5379 and +5482. Statistical analysis performed using unpaired Student's *t* test. \*p\<0.01, \*\*p\<0.001, \*\*\*p\<0.0001.](ppat.1007802.g006){#ppat.1007802.g006}

We then examined RNAP II processivity by measuring RNAP II occupancy at multiple points, including the transcriptional start site and downstream in the HIV-1 *tat* gene. RNAP II was detected at the HIV-1 transcriptional start site whether cells were activated through a CAR or were unstimulated ([Fig 6B](#ppat.1007802.g006){ref-type="fig"}). However, signaling through the high affinity receptor resulted in an increase in downstream RNAP II by greater than 4-fold, whereas only modest levels of RNAP II were found downstream in the absence of signals or following weak signaling ([Fig 6C](#ppat.1007802.g006){ref-type="fig"}).

Since these data indicated a role for transcriptional pausing, we examined if CAR signaling altered the presence of the pausing factor negative elongation factor (NELF) at the HIV-1 transcriptional start site. Using ChIPs, we determined that signaling through the high affinity receptor diminished binding of NELF at the HIV-1 LTR by greater than 85% ([Fig 6D](#ppat.1007802.g006){ref-type="fig"}). These data support a model in which a lack of robust T cell signaling limits HIV-1 transcription by establishing a paused polymerase complex.

Discussion {#sec007}
==========

Previous studies suggest that cell signaling may be a key regulator of HIV-1 expression and latency. The latent reservoir is enriched for antigen specific T cells, including those that respond to CMV, HSV, tuberculosis, and HIV \[[@ppat.1007802.ref021]--[@ppat.1007802.ref025]\]. Furthermore, the use of superantigens during viral entry increases HIV-1 replication \[[@ppat.1007802.ref026]\]. Partial activation, cellular polarization, cell-to-cell contact, and/or infection of resting quiescent cells through perturbation have also been suggested to bias infections towards latency \[[@ppat.1007802.ref011],[@ppat.1007802.ref027]--[@ppat.1007802.ref031]\]. Therefore, the extent of cell activation is a key determinant in regulating the course of HIV-1 infection including the formation of the reservoir.

We have shown that differential signaling through CARs, which mimic TCR signaling, influences HIV-1 transcription and latency. In the lymph node, a primary site for both HIV-1 replication and the persistent latent reservoir \[[@ppat.1007802.ref032]--[@ppat.1007802.ref034]\], T cells will sample lymph node resident cells in search for antigen. Some of these interactions, facilitated by the presentation of the T cell cognate antigen, will result in robust T cell activation, clonal expansion, and changes in gene expression. However, most MHC complexes will lack cognate antigen and initiate weak signaling \[[@ppat.1007802.ref035],[@ppat.1007802.ref036]\]. Using multiple CARs whose affinities for the Her2 ligand span several logs, we can deliver a range of signaling inputs to model the spectrum of T cell receptor signaling events. Our data indicates that stronger T cell activation at the time of infection, which would be more similar to antigen specific responses, correlates with robust HIV-1 expression as well as the establishment of inducible latently infected cells. We validated these findings in both Jurkat cell lines and primary CD4+ T cells derived from multiple donors although the magnitude of responses from primary cells was more variable as would be predicted. Additional factors may compensate for suboptimal T cell receptor signaling including cytokine-induced stimulation and interactions with antigen presenting cells that would engage both costimulatory molecules and inhibitory receptors. The contribution of the T cell receptor pathway and how this is integrated with other signaling events to influence HIV-1 infection and latency is a critical question that needs to be addressed.

Having a library of CARs with a range of binding affinities allowed us to determine if HIV-1 responds to signaling in an analog fashion correlating with signal input or is digitally regulated by specific thresholds resulting in all-or-none responses \[[@ppat.1007802.ref037]\]. Signaling through the CARs with affinities that were intermediate did not support active transcription despite a greater than 10-fold increase in binding affinity compared to our low affinity receptor. These results would suggest that TCR signaling provides more of an on/off switch in regulating HIV-1 transcription and that there exist signaling thresholds that must be overcome to assure efficient HIV-1 transcription and replication.

Signal transduction and gene expression are inherently noisy processes, and stochastic events are hypothesized to drive HIV-1 latency. That latency and HIV-1 replication are driven by episodic bursts of proviral transcription and Tat levels has been supported by mathematical modeling and experiments using engineered virus models \[[@ppat.1007802.ref038]--[@ppat.1007802.ref040]\]. Even if latency is driven by random fluctuations of provirus transcription, T cell associated signals are strong modulators of noise, and targeting these pathways could enhance treatments directed at HIV-1 reactivation \[[@ppat.1007802.ref041]\]. Weak signaling, such as those induced by the low affinity chimeric antigen receptors, may be inadequate to alter the inherent noise within the system, whereas robust TCR signals through the high affinity CAR increase the probability of stochastic events. It is important to appreciate that although signaling and transcription are subject to stochastic variation, these are coordinated and combinatorial processes that lead to defined patterns of gene expression and phenotypic outcomes \[[@ppat.1007802.ref042]\].

Regulated aspects of transcription include assembly of multi-subunit complexes such as RNAP II and associated cofactors, chromatin, and transcription factors at the LTR. Our data suggest that the association of NELF with RNAP II is regulated by TCR signaling. Multiple positive and negative signals are known to converge on NELF-driven transcriptional pausing. P-TEFb relieves NELF repression through phosphorylation \[[@ppat.1007802.ref043]\] and is itself regulated by cellular stress and signals \[[@ppat.1007802.ref044]--[@ppat.1007802.ref046]\]. Furthermore, we have shown that NELF interacts with co-repressors including NCoR1-GPS2-HDAC3 at the HIV-1 promoter \[[@ppat.1007802.ref047]\] which may reinforce HIV-1 latency, especially during chronic infection, by facilitating post-translational modifications of histones and chromatin organization.

We propose that strength of signal at the time of infection acts as a bifurcating event leading to *either* robust transcription and the establishment of an inducible latent reservoir *or* minimal transcription and deep-seated latency. Our observations are consistent with the previous characterization of patient reservoirs that identified three subsets of latently infected cells: a small population of cells carrying inducible provirus, a larger population of cells with intact proviruses that are difficult to reactivate, and many defective proviruses \[[@ppat.1007802.ref048]\]. Successful purging of the latent reservoir may require the use of a cocktail of latency reversing agents or the development of novel strategies to block reactivation \[[@ppat.1007802.ref049]--[@ppat.1007802.ref051]\].

Materials and methods {#sec008}
=====================

Cells {#sec009}
-----

Jurkat CD4+ T cells (E6-1) and human embryonic kidney 293T cells were obtained from American Type Culture Collection (ATCC). Jurkat cells were cultured in RPMI 1640, 5% FBS (Corning, Inc.), 100 ^units^/~mL~ penicillin (Invitrogen), 100 ^μg^/~mL~ streptomycin (Invitrogen), and 2mM L-glutamine (Invitrogen). HEK293T cells were cultured in Dulbecco's Modified Eagle Medium, 10% FBS, 100 ^units^/~mL~ penicillin, 100 ^μg^/~mL~ streptomycin, and 2mM L-glutamine. Cells were grown at 37° C with 5% CO~2~.

Primary CD4+ T cells were derived from de-identified healthy blood leukapheresis packs purchased from NY Biologic. Mononuclear cells were enriched from leukopaks by centrifugating through Histopaque gradient (Sigma-Aldrich). CD4+ T cells were isolated by negative selection using EasySep Human CD4+ T Cell Enrichment Kits from STEMCELL Technologies. CD4+ cells were maintained in RPMI 1640, 10% FBS, 100 ^units^/~mL~ penicillin, 100 ^μg^/~mL~ streptomycin, and 2mM L-glutamine at 37° C with 5% CO~2~. Prior to transduction with CARs, primary cells were supplemented with 10 ^units^/~mL~ IL-2 and 10 ^ng^/~mL~ IL-7. Following transduction, IL-2 was removed from most culture conditions. All cells and cell lines were split every 2--3 days.

Viruses and transductions {#sec010}
-------------------------

CARs were driven by a SFFV promoter in the lentiviral vector pHR \[[@ppat.1007802.ref018],[@ppat.1007802.ref019]\]. pNL4-3.Luc.R-E- was obtained from NIH AIDS Reagent Program. BRU-ΔEnv-GFP has been described before \[[@ppat.1007802.ref052]\]. Lentiviruses were made by transfection of vectors, VSV-G, Rev, Tat, and Gag-Pol constructs into HEK293T cells with 45μL polyethylenimine (1 ^mg^/~mL~) per 6x10^6^ cells. Supernatants were collected, filtered with 0.45μm syringe filter (Corning), concentrated by centrifuging through a 20% sucrose gradient, and titered with CEM cells \[[@ppat.1007802.ref053]\]. We used a range of multiplicity of infections, but most viruses and lentiviruses within this paper were concentrated to approximately 1x10^6\ IU^/~mL~. HIV-1 viruses were made similarly but only required the viral plasmid and VSV-G.

For transductions with CAR vectors, a minimum of 1x10^6^ primary and Jurkat cells were stimulated for 5--6 h with 10 ^μg^/~mL~ PHA, washed in PBS, and spinoculated with lentivirus and 5 ^μg^/~mL~ polybrene (Millipore) at 1200g for 90 min. Cells were then supplemented with fresh RPMI and IL-7, cultured overnight, and washed in PBS 18 h later. Cells were rested for one week to return to a resting state as confirmed by low CD69 expression prior to HIV-1 infection.

CAR stimulation and infections {#sec011}
------------------------------

Non-tissue culture treated plates were coated overnight at 37°C with 1 ^μg^/~mL~ Her2 (Recombinant Human ErbB2/Her2 Fc Chimera Protein from R&D Systems, 1129-ER). Her2 solution was removed from wells, plates were washed 3 times in PBS, and wells were blocked for 1 h with a 5% FBS-PBS solution.

Jurkat or primary CD4+ T cells were infected and simultaneously plated in Her2-treated wells. For experiments in which latently infected cells were generated, cells were spinoculated in the Her2-treated wells at 1200xg for 90 min and then supplemented with fresh RPMI and IL-7. Following overnight infection, cells were washed and either lysed or maintained in fresh media in the absence of Her2.

For reactivation of latent cells, mCherry (CAR) positive and GFP (HIV) negative cells were sorted at 6 or 7 days post HIV-1 infection. Cells were cultured with the following concentrations of LRAs: 5 ^ng^/~mL~ PMA (Fisher Scientific) and either 10 or 100uM ionomycin (Sigma-Aldrich) for 2.5 h, Dynabeads human T-activator CD3/CD28 beads at a ratio to cells of 1:1 for 24 h, 50 μM SBHA (Sigma-Aldrich) for 24 h, and 25nM Bryostatin (Sigma-Aldrich) for 24 h. Cells reactivated with PMA were washed in PBS and re-plated in media. All reactivated cells were incubated with 10 ^ng^/~mL~ IL-7. Cells were cultured overnight prior to fixation for flow analysis.

For some experiments, cells were treated with 10 μM PP2 or PP3 (Calbiochem---Millipore Sigma) at the time of infection.

Flow cytometry {#sec012}
--------------

Flow data were collected on an LSRII from BD Biosciences. Zombie UV Fixable Viability Kit (BioLegend) was used as live/dead stain for reactivation experiments. We had a range of 250 to 6000 events per data point and a minimum cut-off of 250 events in [Fig 5B](#ppat.1007802.g005){ref-type="fig"}. The mean number of all events was 1364 and the median number was 678. All cells were washed and fixed in a final concentration of 2% paraformaldehyde prior to analysis. Cell sorting was performed on a MoFlo Astrios from Beckman Coulter. All flow experiments performed at Boston University School of Medicine Flow Cytometry Core Facility.

Cell activation and phenotypes were determined by CD69 expression (Brilliant Violet 421 anti-human CD69 antibody; Clone FN50, BioLegend) and CCR7 and CD45RA expression (Pe/Cy7 anti-human CCR7 antibody; Clone G043H7, BioLegend and PerCP/Cy5.5 anti-human CD45RA antibody; Clone HI100, BioLegend). We had a minimum of 1000 events to be included as a data point in [Fig 2](#ppat.1007802.g002){ref-type="fig"}.

Microarray analysis and heatmap formulation {#sec013}
-------------------------------------------

Primary CD4+ T cells were transduced with CARs and allowed to return to a resting state for 1 week prior to cell sort. Cells were then stimulated overnight with plate-bound Her2 as described above. Untransduced CD4+ T cells were left unstimulated or were plated in a solution of 1 ^μg^/~mL~ CD28 (Mouse Anti-Human CD28, \#555725, BD Biosciences) on previously coated wells of 1 ^μg^/~mL~ CD3 (Mouse Anti-Human CD3, \#555329, BD Biosciences). We used a minimum input of 2.5x10^4^ primary cells per experimental condition. Cells were then washed in PBS and lysed for RNA extraction using Qiagen miRNeasy Mini Kit (\#217004). Microarrays and statistical support were provided by BU Microarray and Sequence Resource Core Facility. cDNA was made and samples were run on a Human Clariom S Array. Human Clariom S CEL files were normalized to unstimulated cells to produce gene-level expression values using the implementation of the Robust Multiarray Average (RMA) \[[@ppat.1007802.ref054]\] in the *affy* package (version 1.36.1) \[[@ppat.1007802.ref055]\] included in the Bioconductor software suite (version 2.11) \[[@ppat.1007802.ref056]\] and an Entrez Gene--specific probe set mapping (21.0.0) from the Molecular and Behavioral Neuroscience Institute (Brainarray) at the University of Michigan \[[@ppat.1007802.ref057], [@ppat.1007802.ref058]\]. Array quality was assessed by computing Relative Log Expression (RLE) and Normalized Unscaled Error (NUSE) using the *affyPLM* package (version 1.34.0). Analyses of variance were performed using the *f*.*pvalue* function in the *sva* package (version 3.4.0). Differential expression was assessed by performing Student\'s *t* test on the coefficients of linear models created using the *lmFit* function in the *limma* package (version 3.14.4). In this way, a one-way ANOVA *p* value was obtained using a linear mixed effects modeling approach to account for differences between donors.

Correction for multiple hypothesis testing was accomplished using the Benjamini-Hochberg false discovery rate (FDR) \[[@ppat.1007802.ref059]\]. All microarray analyses were performed using the R environment for statistical computing (version 2.15.1). All genes with FDR *q* values below 0.01 were plotted on a heatmap and arbitrarily separated into 5 clusters based on expression profiles.

Determination of gender was based upon log2 expression of the Y-linked genes *DDX3Y*, *KDM5D*, *RPS4Y1*, *USP9Y*, and *UTY*.

Luciferase analysis {#sec014}
-------------------

4x10^5^ Jurkat cells were washed and lysed for luciferase analysis 24 h post infection, while 4x10^5^ primary T cells were measured at 4 days post infection. Luciferin (Promega) was added and luciferase activity was measured via BioTek Synergy HT Microplate Reader.

Nested *Alu*-PCR {#sec015}
----------------

A minimum input of 8x10^5^ cells per experimental condition was lysed in Tris-EDTA buffer prior to *Alu*-PCR. Nested PCR strategy was adapted from Agosto *et al*., 2007 \[[@ppat.1007802.ref020]\]. Briefly, integrated HIV-1 DNA was amplified using forward primers for the luciferase sequence and reverse primers for human *Alu* (see [S1 File](#ppat.1007802.s001){ref-type="supplementary-material"}). The first reaction was performed on a TProfessional Thermocycler from Biometra according to the following conditions: 4 m at 95° followed by 20 cycles of 15 s at 93°C, 15 s at 50°C, and 2.5 m at 70°C. A second round of amplification was then performed using a forward primer, a reverse primer, and a probe for real time PCR within the HIV-1 3' R / U5 region (see [S1 File](#ppat.1007802.s001){ref-type="supplementary-material"}). The amount of amplified copies of HIV-1 was determined based on an NL4-3 plasmid copy standard. The second reaction was performed on an Applied Biosystems QuantStudio 3 Real-Time PCR system with heating for 4 m at 95° and real-time PCR conditions of denaturation for 15 s at 95°C, annealing for 30 s at 60°C, and extension for 1 m at 72°C.

RT-PCR {#sec016}
------

We lysed 1.5x10^5^ cells per experimental condition in TRIzol Reagent (Invitrogen). RT-PCR for HIV-1 mRNA was performed using forward primers and reverse primers for unspliced HIV-1 *tat*, and all values were normalized against beta-actin as a housekeeping gene (see [S1 File](#ppat.1007802.s001){ref-type="supplementary-material"}). The reaction was performed on an Applied Biosystems QuantStudio 3 Real-Time PCR system with heating for 15 m at 94°C and real-time PCR conditions of denaturation for 15 s at 94°C, annealing for 30 s at 60°C, and extension for 30 s at 72°C.

Chromatin immunoprecipitation {#sec017}
-----------------------------

5x10^6^ Jurkat cells were infected with NL4-3.Luc. ChIP was performed 24 h later according to Natarajan *et al*., 2013 \[[@ppat.1007802.ref047]\] with the addition of a nuclei isolation step using Farnham Lysis Buffer prior to sonication with a Bioruptor Pico. Specific details are listed in [S1 File](#ppat.1007802.s001){ref-type="supplementary-material"}. Antibodies used included anti-NELF-d (Antibody TH1L from Proteintech Group), anti-RNA Polymerase II antibody (Clone N20 from Santa Cruz Biotechnology), anti-histone H3 antibody (Product 06--599 from Millipore Sigma), and Normal Rabbit IgG (Product 12--370 from Millipore Sigma).

Primers used for the transcriptional start site include the forward primer at +30 and the reverse primer at +239. Primers used for transcriptional elongation include the forward and reverse primers within the *tat* gene (see [S1 File](#ppat.1007802.s001){ref-type="supplementary-material"}).

Statistical analysis {#sec018}
--------------------

Except for microarray analysis detailed above, all statistical analysis performed using unpaired Student's *t* test with significance thresholds of \*p\<0.01, \*\*p\<0.001, and \*\*\*p\<0.0001. Because our experiments were performed on a sample population under the same conditions, we assumed that our data would be normally distributed. In agreement with this assumption, all experimental data points were less than 2 standard deviations from the mean. Where appropriate, normality was tested with a Shapiro-Wilk test.

Supporting information {#sec019}
======================

###### Supplemental materials and methods.

(PDF)

###### 

Click here for additional data file.

###### Signaling through chimeric antigen receptors alters the expression of genes downstream from the T cell receptor.

CD4+ T cells isolated from healthy human donors were transduced with low affinity or high affinity CARs and then allowed to return to a resting state as measured by CD69 expression. Cells were then stimulated through the receptor. As controls, untransduced cells were cultured with or without antibodies to CD3 and CD28. RNA was isolated 24 h later and converted to cDNA before being analyzed on a Human Clariom S array. Gene expression levels for cells stimulated through both CARs and TCR-stimulated CD4+ T cells were compared to unstimulated cells. All genes with a one-way ANOVA FDR-corrected *q* value of \< 0.01 were plotted and clustered arbitrarily according to expression profiles. Data is presented as a heatmap based on RNA log2 expression and represents three independent donors. Donors 1 and 3 are female, while Donor 2 is male. Determination of donor gender is described in greater detail in Materials and Methods. See also [S1 Appendix](#ppat.1007802.s005){ref-type="supplementary-material"} "List of genes whose expression is significantly altered upon TCR stimulation."

(TIF)

###### 

Click here for additional data file.

###### Src kinase inhibitor PP2 inhibits CAR-mediated HIV-1 transcription.

CAR+ Jurkat T cells were stimulated with or without Her2 in the absence or presence of 10 μM PP2 or PP3 at the time of HIV-1 infection with single-round VSV-G pseudotyped NL4-3.Luc. 24 h post infection, cells were lysed to measure luciferase. Data are presented as fold difference in RLUs over unstimulated cells for each CAR+ population. S2 Fig was performed in triplicate and is representative of five independent experiments. Data are presented as mean ± standard deviation. Statistical analysis performed using unpaired Student's *t* test and compared to Her2-stimulated conditions. \*p\<0.01, \*\*p\<0.001, \*\*\*p\<0.0001.

(TIF)

###### 

Click here for additional data file.

###### Robust T cell signaling at the time of HIV-1 infection generates a population of latently infected cells that are easily inducible.

Latently infected cells were restimulated with PMA and ionomycin. HIV-1 expression was monitored by measuring Tat RNA by qRT-PCR. For each assay, the fold difference in HIV-1 transcripts over corresponding non-reactivated controls were normalized to the induction observed in the reactivated low-affinity condition. In this way, multiple assays could be directly compared in spite of differences in the level of induction measured due to donor-to-donor variability. The average fold increase in the level of induction observed in the high affinity population across all experiments is 5.23. Data in S3 Fig are presented as mean of 2--4 replicates and are derived from 3 different donors.

(TIF)

###### 

Click here for additional data file.

###### List of genes whose expression is significantly altered upon TCR stimulation.

All genes shown in the microarray in [S1 Fig](#ppat.1007802.s002){ref-type="supplementary-material"}, each of which has a one-way ANOVA FDR-corrected *q* value of less than 0.01, is presented here. Each gene is listed along with its Human Entrez Gene ID, accepted description, and cluster number.

(XLSX)

###### 

Click here for additional data file.
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